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1.0 INTRODUCTION

This final report discusses the work, results and conclusions on Contract NAS 1-3216

"60 Inch Diameter Stretch Folmed Aluminum Solar Concentrator." The contract was

performed under contract to NASA. Langley Research Center and extended over the

period uf June '.'.4. 1963 to October 28, 1963 for delivery of a unit for evaluation,

This contract is the second phase in the development of this concentrator concept

and was preceded by the work on contract NAS 7-154.

The objective of this contract has bee. to develop a solar concentrator made of

aluminum, which will have performance sufficient for use in space power conversion

systems. The design gcal has been to achieve adequate surface quality for use

in conversion systems with operating temperatures of 1800 ° Kelvin as are encountered

in theImionic type devices. Such quality would also provide even higher performance

iu lower temperature applications such as the Rankine and Brayton cycle engines.

The aluminum construction is desirable because of its lower specific gravity (with

a resulting lower specific we4.ght per power output ratio) and its non-magnetic property.

\

]
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2.0 SUMMARY

All of the tasks in the contract work statement have been completed ard a 60 inch solar

concentrator has been de]ivered to the Langley Research Center for evaluation. By

delivery of this report, the requirements of the contract will have been met.

Improvement in tt,ls phase 2 program has been demonstrated over phase 1 work. Of

particular import was the 4 to 1 reduction of surface slope errors due to stretch

forming. This improvement is basic to the number of available powel conversion

systems with which this concentrator concept may be used. In all other tasks,

there were specific improvements. Il_ the case of surface improvement coating the

improvement was not as complete as desired. However, the task appears now to be

somewhat more formidable a development effort than predicted. But the progress

achieved on this program indicates that tbe desired results are near.

The conclusion then is that the stretch formed concentrator has been improved

sufficiently to anticipate much more confidently its use with thermionic conversion

systems, For other systems such as the Rankine or Brayton cycles, the concept is

quite compatible and recommended. To further improve the surface coating process

where the design can then be recommended for thermionie systems, a phase 3 program

is recommended.

1964012510-007
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3.0 DmCUSSION

3,1 Desi

3. i. 1 Structural

The kmnch environment would cause the most severe loading of a concentrator. Since

the concentrator shell is a membrane, the analysis is somewhat different than for a

structure which has a high section nodulus, such as honeycomb sandwich cross

sections. For a membrane shell there can be a failure due to the material re_chlng

its yield point or due to an instability or buckling condition. The mode of failure depends

i on the direction of loading. Inertia or pressure lords can either be applied as plus or

minus p as in Figure 1. Here the inertia loads are treated as pressure loads. If the

I load is -p the membrane will fail by yielding. However, for the +p loads, the membrane

can fail by buckling at some lower load than in the other case. Buckling failure in the
i
I shell is therefore not a function _f the yield strength of the material but is a function of

1) modulus of elasticity, 2) specific gravity and .5) geometry.
i
! .

Figure 1 shows the membrane forces which would exist in a paraboloidal or spherical
I
t
I _ shell for a given p load as long as the instability failure conditions have not been

reached. Thus, the curves may be used for all +p loads up to instability failure and all

-p loads up to the yield failure of the material. It should be noted that loads in either

. direction can be experienced due to vehicle acceleration (or deceleration), vibration,

I shock or acoustic noise. The curves show meridional and circumferential membrane

forces for both paraboloids and spheres. With increase in edge angle, there is less

I. agreement between the two solutions and paraboloids cannot be approximated by partial

spheres. In f_t, for angles of _ greater than 51° 50', circumferential stresses in the

spherical shell change sign, whereas no such change occurs with a paraboloidal shells.

When bucklingf_ilureconditionsareknown toexist,theshell thiclmessmust be sized

'i 1" by a bucklingfmlureanalysis.Minimum thicknesstoavoidbucklinghas been predicted
t by von Karman (Reference1)and Reiss(Referezzce2). For largeratiosofradiusof

!

\1

I" s
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curvature to thickness, the Reiss criterion allows a buckling pressure 1/3 that for a

complete sphere. It is, then,

Pcr = 2 Eh2 = 900h2 (For Aluminum)
3R 2_ 3(1 -/_Z_

( For aluminum 60 inchconcentratorshellsand a given g load thisreduces to:

I h = .00011 g

The densityof the material establishesthe unitloadingfor a given g load, and therefore

I- aluminum has definiteweight advantages over other more dense materials. This

comparison is shown in Figure 3.3-2, Reference 3.

Using aluminum, the curves in Figure 2 show 1) the minimum thickness to prevent

i buckling versus acceleration load for a 60 inch shell and 2) the thickness required to

sustain a 10 g load for various shell diameters. For the present design where. 016

i inch aluminum stock is used, up to almost 150 g loads could be sustained. Thus

thinner stock thicknesses may he used for less stringent conditions.

i
Elasticdeflectionof the shellduringlaunch does not pose a problem sincethe unitis

iv performing at time. aspect not be coy.red therefore. In tht orbital
not the This need

thermal mlaiysis(Section3,1.2), itmust be considered becuuse the unitisoperating.

I
The elasticand bucklingfailureanalyses assume certainedge conditionson the shell.

I "

I By separate analysiswhere the stiffnessand cross sectionofthe ringwere considered,

itwas shown t;,&ta circularcross sectiontorus attacheddirectlyto the shellprovides

i the optimum design. This is particularly true if the mounts to the payload are limited

to 3 as in this desig_. Without a rigid ring, the shell would deform considerably be-

i" tween mounting points. The difficultyin choosing the torus dimensions istherelorcI.

., in maintainingsufficientrigiditywhile keeping the weight low. The 3" diameter, .025

[_ inchthicktorus cross sectionchosen forthisdesignis considered conservativeinthis

respect, and some weight reductionwould be achieved with furtheranalysisand experi-

1964012510-010
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";. I. 2 Thermal

A major point in the previo.-s discussion on structural design was the conclusion to

attach the shell directly to the torus without an intcrmodiate section. However, t;:e

incident radiation conditions are drastic enough to require a detail analysis to deter-

milan _hethvr thi_ choice i_ therrncdlv c')rrcct.

The 100 to 300 mile orbit conditions are more severe than the higtmr ones because of

the effect of the widely var:,'ing Earth _bedo and thermal radiation. Also, super-

imposing a 69 minute sun and 35 minute shade cycle causes step changes in the incident

solar flux. Figure 3 shows incident flux intensi.*v variations versus orbit time for a

300 mile orbit. Ap. analysis to take into account the e,xaet interchange of radiant con-

ducted ener_¢ is beyond the scope of this program. However. it is felt that the

simplification used in this analysis do not appreciably alter the first order effects.

The transient temperature histories of the shell treated as an isothermal member and

the torus treated isothermally were calculated, Figure 3. O! importance in these

plots are the instantaneous temperature differences between shell and torus as each

of the three cases are taken through an orbit period. Since the torus is the rigid

memt_er, any tendency for the shell to be at a higher or lower temperature level would

b-' met by torus restraint and ultimate shell al_c'-'ion.

Cases 1 ,and 2 treat the torus as isolated from the shetl as regards conductive heat

transfer. But the effect of being located on the sun side or shade side of the shell is

observed. Case 3 is an approximation of the cruse where there is a highly conductiw

path from the shell to the torus. The curves of temperature versus time were obtained

by taking small increments of time and calculating tbc time rate of temperature chmlge:

AT qi --qo

.At MC

Some steady state poin:.s were also calculated at orbit positions of 1) just before emerging

from the shade. 21 directly in line and between the Earth and sun and 3) just before enterinl4

1964012510-012
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ii the shade again. In general the transient curve on emerging from the shade takes

-.:_i. about 30 minutes to approach ci_ely the steady state temperature. The transient

curve on entering the shade never approaches the lower temperature level in the

_ shade time span of 35 minutes.

; Since the radiant transfer from shell to torus is significantly higher than from torus

to shell, the shell temperature profile for all three cases would be about the same.

However, the torus profiles vary one from another. For cases 1 and 3 the torus

,-- temperature is influenced largely by the shell heat input. In case 2 the sun also shows

I i its influence wherein the temperature difference is positive and negative. Case 3

:_i shows the least variation in shell and torus profiles over the sun phase. The maximum
'I:!;4

:q .... difference is about 50"F at the end of the sun period.

r_
! !- The effect of variation between shell and torus can be translated .._to equivalent toads

' __ and deflectior, s. For a 50°F difference, the surface rot_ion at the outside edge of the
,_ Li shell is less than 4 minutes of arc and dampens out quickly. However, it should be

_-! pointed out that the assumption of no heat conduction betw._en the outer edge and the

_ ' = remainder of the shell is unrealistic, but expedient for analysis. Actually, the heat

" I_ in the shell would trai_sfer to the torus as a sink and a lower _'adient than calculated
H
_' would exist, Thus the edge rotation would be reduced. The radial gradient caused by

l i the heat flow to the torus requires some analysis to determi_ ,_ the degree of surface

L, rotation. However, the direct attachment of the shell and torus appears to be the best

}_] method :_r least thermal effects. Thus the recommendation _f the _tructural and

thermal analyses is to fabricate the shell and torus together 1) without an intermediate

. i_ _-_ member and 2) with a hlgh heat --..------r-n"'_'oH"__.._..._,,_

: _ r: The surface thermal properties used in the analysis are listed in Figure 3 and were

_i " chosen because they are I) characteristic of the usual surfaces to be used and 2) they

dooo ,.o, o w oh.e ,ro or
•.:'_, fabrication steps. However, after further analysis, it may be highly desirable that

,

2. "
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special surface properties be utilized. As can be seen in all three transient cases, the

temperatures cycle by about 200 - ZS0°F. Because of the wide range of cycling there

can be more of a pronounced thermal lag belween shell and torus, especially where the

torus is dependent on shell temperatures. A non-gray coating exhibiting a low e s/i t

ratio is desirable here because it would have the effect of keeping the shade temperature

higher. This i_ due to the higher absorptivity of Earth thermal radiation. Figure 4a

shows the effect of using a thick silicon oxide (3 microns thick) layer, which exhibits

such characteristics without significautly reducing reflectivity of solar wavelengths.

The temperature fluctuation is reduced to about 60°F.

Another factor worth considering would be to more effectively control heat input to the

torus. This could be accomplished by exposing a portion of the torus to solar input "

while shielding it from the Earth input. Figure 4b shows a concept which accomplishes

this. The net effect would be to make the torus temperature less dependent on shell

temperature (case 3) but prevent reversal of the temperature differential (case 2) due

to higher earth input in the early and late stages of the sun ph,_se. In general, the best

solution to thermal distortion is to eliminate gradients rather _.z design around them i

by mr_,difying shapes or building in additional restraint. It is _till too early in thermal

evaluation studies to determine whether special surfaces are required. Additional

work is necessary for predicting and/or measuring thermal distortion effects, i

i

3.1.3 Design Concept

Based on the previous analyses, the 60 inch concentrator design is as shown in Figure 5.

The shell is still basically a membrane with no structural reinforcing and has not changed

from the original concept (Reference 3). The significant design change is in the re- ,

inforcing ring cross-section and method of Joining the she]l and ring.

The basic torus cross-section was established at 3 inches diameter with a wall thickness

of. 025 inch. The attachment to the shell is direct without a cylindrical skirt, as in

the previous units. This provides a good heat transfer path as well as a sufficient area

10

i
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of bond for transfer of shell loads to the torus. Thus a conical surface is formed into

the toroidal section at the same 30° slope as the outside edge of the shell surface. See

detail A, Figure 5.

The torus was formed in halves for two reasons 1) tubing of 3 inch OD x. 025 wall is

not available and 2) the torus can be made to match the shell shape. This latter point

requires further explanation as follows. The torus by itself has considerably more

rigidity than the shell by itself. Thus if the formed torus has waviness in a true-

indicator scan of the conical mating surface, the shell will be forced to t,ke a distorted

shape. This run-out would be anticipated in rolling of tubular sections. Therefore the

fabrication procedure using two torus halves is as follows:

1. Place 8 shell sectors on aligned master, join radial gaps and cure.

2. Place one torus-half on shell, with no adhesive between shell and

torus-half.

3. Apply adhesive to the inner and outer torus-half lips.

4. Place second torus-half on first torus-half.

5. Apply a uniform load on the second torus-half during the torus cure

cycle to assure good lip bond and conformance of the torus to the

shell shape.

6. When torus halves have cured together, place adhesive between shell

and torus and cure. This cure does not require loading the torus

except for a minimum required to cause void filling by the adhesive.

Because of the change in ring design, the three mounting brackets were modified.

The centerlines of the three. 3125" diameter mounting pin holes sate still tangent

to a 60 inch diameter circle, however. Attachment of the bracket assembly to the

torus is by adhesive bonding but with supplemental rivets to secure the bracket

:, during curing.

The shell material is of 3003-0 aluminum alloy instead of 5052-0 as in the phase 1 units.

_ This alloy has superior plastic strain properties where there are no gross surface
distortions due to non-uniform strain and the resultant exhibition of Lueder's lines.

' 13
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3.2 Fabricatica

3, 2.1 Facilities

One of the problems encountered during fabrication of the previous phase : units was

room cleanliness. Both the stretch forming and surface epoxy coating sequences were

sensitive to particles in the air. This resulted in surface imperfections that cause

performance degradation. Therefore a clean facility was considered necessary. For

this phase 2 program, a dormant clean facility, Figure 6, was located within the

division. All of the fabrication (except trimming and vacuum metallizing) and the

optical inspection are now performed in this room The air is filtered, temperature

controlled to _, 1/2 °F and humidity controlled to 40% RH.

The stretch forming, spray coating and optical inspection equipment were modified

to major extent and will be discussed in the following sections.

3.2.2 Tooling

The epoxy replica tool used in the phase 1 program had known surface errors which

did not exist on the glass searchlight mirror ori_nal. The errors occurred during

the female pattern fabrication, and funds did not allow correc_lon. For this phase

the glass master itself was used for forming, thereby eliminating errors w._ch could

occur in the two surface replications required. The unit loads due to formirg are low

and cause compressive stresses which glass can withstaad moat readily. A poorer

glass master was tried first however to assure that the good master would not bc

cracked.

The old tool was used as the underframe for the glass, although an intermediate layer

of hydracal was used to assure that the glass was in alignment. The master was silver

coated on the convex _,ide (same side as used for stretching and assembly) and supported

at six points on the edge while in the inspection rig. The mirror was aligned until the

best projected grid pattern was obtained. Then the space between master and floor was !
1

filled with sand and the pattern re-checked. There was insignificant shape change.

I

t 14
i
1

I ..........

i
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The sand was used to prevent deflection or crackt_.g of the master under ioading by the

hydracal and underframe. The underfrsme was placed over the master with a gap between

them. The gap was then filled with hydracai and allowed to set. Since the same r,_ster

must be used for assembly of the concentrator, a separation layer was used between the

master and hydracal.

The master and underframe were then turned over and positioned in the clea,._ room as

shown in Figure 7. Since the msster over hung the underframe edges, it _:as necessary

to put adjustable supports at two points on each side. The master was adjusted on the

tool and inspected with a dial indicator (Figure 3.9-3; Reference 3). Figure 8 shows the

run-out at various circumferential lines on the master. Maximum surface slope errors

of only 0.9 minute were measured. This indicated that the master did not shift during

pouring of the hydracal and that an accurate forming tool was achipved.

It should be noted that some preliminary work was performed in selecting the best

master for the program and the best method of making an accurate tool. Two glass

masters were optically inspected and the one used had errors of one magnitude less

than the other. The poor master showed some areas where 30 minute errors existed.

As was shown in circumferential measurements, the good master is far ot_r)_rior.

The masters were also studied under three methods of support: 1) concave side up

and uniformly supported with sand, 2) concave side up and at six points at the edge

and 3) convex side up and at six points at the edge. It was concluded that all three

support methods resulted in an insignificant change (for the application) in shape of the !

master surface. Thus, the master is relatively stiff and distorticxi-free under these

support conditions. However, it was relatively easy to adjust at the six points until _

the optimum shape was attained.

Based on these results it was also decided to use a new method of assembling the

collector while in the optical inspection rig. This will be described in section 3.2.7.

IO

i
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3.2.3 Stretch Forming

The stretch forming machine is shown in Figure 7 with stock in the full stretched

-.'ondition. Modifications were made to the machine including 1) improved jaws, 2)

improved hydraulic plumbing and 3) new stretch limiters on the jaws. A transition

apron on either end of the tool was "added to prevent edge loading of the master.

; A new lotof PJuminum &lloy3003-0 was ordered to replace the 5052-0 supply,which

formed undesirablestrainlines. The stock was supposed to be .016'*but measured

i closer to 017" although of uniform thickness. The rolled surface fir.ish was within
i " *
t

specification (estimated less than 2 microinches RMS me_ximum), but the 3003-0 stock

i is softer and had "eyebrows" due to h'mdling at the mill. these "eyebrows" remain
I

as elongated defects after stretchir, g, but they can be eliminated by proper handling at

i the mill No additional "eyebrows" were ,_ormed during handling at TRW.
f

1 The stock was stretched 4_ along the center of the panel ,and 2_ along the edges.
i

Upon release of the jaw pressure, a small jaw return cccurred which is explained

i by the elastic return do_n the stress-st.-ain curve. Except. at the very edge, there
ffi .

w:us no indication oI voids or spring-back when the stock was finger tapped.

!
Selection of a buffer material between the tool and stock was a major effort and caused

i some delays. Emphasis was placed on liquid lubricants, especially the more recent

promising deveiopments. Some of the products were more of a grease and grease

] suspension type. Those evaluatedare liste_inTable I. Initialstretchingwas
{

performed on the master with the silverinspectionlayer inplace. The layer thickness

i w_LSonlymicroinches thick,and itsretentionwas needed ineventual master alignment

in the assembly rig. However, an undesirableactionoccurred when liquidoilswere

j used. The oil caused troughing due to non-uniform application. When the oil layer|

¢

was reduced to eliminate non-uniformity effects, the layer was too thin and scratches

were noted. These scratches were due to conta:ninants in the oil, primarily due to
personnel handling the stock.

1964012510-024
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TABLE I

BUFFER MATERIALS

No. Compound Type Manufecturer

1 8-122 Fluorocarbon Spray on Miller-gtcphcnson

Dry Film

2 Poxylube 420 Spray on Poxylube

Dry Film

3 22-T Spray on Electrofilm
Dry Film

4 Cindol 3103 Liquid E.F. HouSton i

5 #40 Drawing Comp. Liquid Chandler Chem. i

1

6 Product 1450 lAquid Lubripla_e !

7 Dietone A Liquid Kondok Prod. i'

8 Alco #3X Liquid Rex Oil

9 813 A Liquid Murphy- Phoenix I

10 813 B Liquid Murphy-Phoenix I

11 813C Liquid Murphy -Phoenix

12 K-25 Liquid Murphy-Phoenlx ;..

1,3 EX-968 Liquid- 3 M Co. _"
Strtp_ _ble

L

2O
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The next step taken was to stretch dry with personnel wearing clean uniforms, hats

; and boots. Wet llnt-free sheets were hung to reduce particle content in the air.(.

Scratching was still observed and became worse with each stretched panel. When it

: was noted that some scratch patterns repeated, the silver surface was observed under

• magnification. It was found that lack of lubricant was causing local adhesion of the

aluminum to the silver and even bare glass where silver was stripped. The adhesion

to the master caused repeated adhesion frequency in subsequent stretches. Thus the{

i " master was stripped of silver, except for 6 reference spots outside the trim area used

,. for eventual alignment in the assembly rig. The aluminum particles "_'cre then removed

[! also.

! To eliminate further aluminum adhesion and to avoid dirt contamination, a spray-on

,_ dry fluorocarbon lubricant was used. This provided the final solution to scratch free

! ! and trough frce stretched pa_._Is. However, the spray lubricant occasionally spurts

._ small particles-whlch were removed where possible. To eliminate particles from the

,._ air, _he stock and tool were air sprayed and the stock quickly placed over the tool.

[ Just I_rior _o stretching, the gap between stock and tool was again air washed. Personnel

:• wore clean clothing, but wet sheets were not considered necessary. Some additional

i refinements can be made, but the stretch forming techniques are quite adequate.

_ A total of 19 sheets were stretched, and the last 8 were used to select 8 sectors for the
I

: ! concentrator assembly. Each stretched sheet provides 2 trimmed sectors. There was

: _ no significant (_fference in surface quality between sectors stretched over oue side as
! .

' compared with the other side of the master. In the final assembly, the ratio was 5

sectors from one side to 3 from the other.

I' As shown in optic,_l inspacflons, the stretched panels have good surface conformance

I to the tool. This is shown later in the discussion on the assembly inspection. The

stock did not exhibit Lueders lines and strained very unfforrcly. The surface finish

.., _ ' does change, however, from a lustrous to a fine grainy surface due to grain reorientation

t .
'i i
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and slippage. The finish is estimated to be less then 10 microinches RMS maximum

and is not of the quality required for concentrator surfaces. This necessitates the

use of surface improvement coatings (to be discussed later).

3.2.4 Trimming

The sectors were trimmed with a high sueed slitting saw as in previous units (Reference

3), and there were no requirements for changes in the trimming techniques for thi_ phase

2 work.

3.2.5 Surface Improvement

A surface improvement coating is necessary in the stretch formed aluminum fabrication

process. Such rain" te imperfections as strain graininess and occasional scratches cause

a high diffuse component in reflected light.

But the depth of surface deviation is small er_)ugh to allow use of a surface coating,

which results in a "varnish*' action wherein the resulting surface is mirror-like it=

finish. An epoxy is used because of lt_ anticipated resistance to space environmental

effects. However, the formulation and application of these thinned epoxies was not

adequately resolved in the phase 1 units.

The second and third units in the phase 1 program were ntade wi_ sectors that were

dip coated. Spray coating was preferred, but equipment capable of uniform application

was not available and funds prevented purchase. Dip coating resulted in formation of

"record grooves" and non-uniform layer thickness. The grooves formed in the direction

of run-off. Thus, it was determined that a spray-on technique should result in an tmprove_!

surface layer.

Vendors were contacted regarding both air 9rid air-less spray equipment. It was deter-

mined that an air type spray system was preferable, even though air atomization might

cause considerable overspray. In air-less systems it is necessary to pressurize the

22
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t_
. liquid to high pressures of 500 to 2000 psi which has been noted to cause some polymers

I to partially cure with a resulting subgrade coating.

Ii In addition to the spray equipment, an automatic 3pray traversing rig mid exheust booth

were designed and fabricated. The booth and exhaust, Figure 9, were purchased but

i_ the traversing rig was designed at TRW. The traversing rig is compGred of 1) variable

speed motor, 2) a chain drive, 3) two guide rails with linear ball bushings attached tothe spray head bracket and 4) limit switches to automatically stop and decelerate the

traverse. ,.'Nvospray heads were used to cover the panel width with a sufficient coating.The tIaverse speed can be controlled to 0 - 10 fps while the spray equipment variables

" [ are 1) air pressure, 2) spray liquid pressure and 3) spray pattern. The pattern was:: adjusted to an elongated, somewhat elliptical shape for best coverage. Each epoxy

i [ system requires a considerable familiarization period because of the difference inliquid viscosity and thimner or diluent eharaeteris;ics.
i

Three epoxy formulations as follows were tried.

; [ 1. Bee Chemical Company

100 PBV D5H-30004 Epoxy Resin 50 PBV 1t-533 Thinner

100 PBV ET 438 Catalyst 50 PBV Butyl Cellosolve

[_ 2. Emer3on Cumming Company
Eccccoat EP 3 50 PBW of Pqxt B Catalyst

100 PBW of Part A Epoxy Resin 15 PBW Diluent

3. Furane Inc.

Epocast 221

_ I_ 100PBW221EpoxyResin8 PBW 9216 Hardener

[ Allthreeformulationsare100% solidswhen curedout. Ingeneral,thefirstisa

\ !! thinner formulation and results in a thinner film whereas the second and third are

[ 2s

i
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SURFACEIMPROVEMENT COATING SPRAYAND EXHAUST EQUIPMENT

.i

Figure 9

I
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thickerandthereforeresultina thickerfilm. Also,thethickerfilmsrequirelonger

cure times. The successtowhichthethreeformulationswere sprayedand curedare

as rankedabove,where theBee formulationisbest. The Bee formulationwas not

sufficientlythick(.0003to.0005inch;singlecoat)even intwo or threeapplications

tocompletelyfillinthestraingraininess.Buttheapplicationwas repeatableand

uniform,indicatingan adequatesprayandtraverserigdesign. The exhaustsystem

is alsosufficient.The Emerson Cumming formulationresultedina thickercoat

(.001 to .002inch).It,one earlycase,a mirror-likecoatingwas obtained.However,

allothercasesresultedinunacceptablecoatingswhere variousdegreesofsurface

wr_n.klingwerc noted. The degreeofwrinklingdepthvariedfrom about0.1 or lessto

possibly0.5ofthecoatingthicknessitself.The conditionwas notdue tofilmfailure

sincethest)ckcouldbe bent180° inbothdirectionswithoutthelayercrazingor

separating.Sincehumidity,temperatureand sprayparameterswere controlled,a

major suspectisthattheformulationrequiresimprovedmixingtechniques.Possibly,

sprayingathigherthanroom temperaturewillalsohelpinthethickerformulations.

I The thirdformulationwas theleastsuccessfulandtendedtoentrapairbubbleswhich

I didnotdriveoff beforecuring. However, thisformulationreceivedtheleastattention

! and run,heroftrialapplicationsofthethree.

I
I The surfaceimprovementprocessreceiveda largeshareofeffortduringthestudy,

i _.ndresultsindicatea more difficultdevelopmentalareathanwas previouslyanti-cipated.The factthata mirror-likesurfacehas been obtainedwithone formulation

and thatthesprayprocesscontrolisgoodin anotherformulationprovidesan indication

thata solutionisnear.

The coatingwas _tppliedtothepanelspriortotrimming whichrninir,aizedany edge

effectsandallowssome excessstocktohandlewithoutdangerofdamage. Priorto

coat,_g,thesm'facewas wipedwithacetoneand immediatelywipedwitha drylint-

freetowel. The panelswere supportedinco,touredforms topreventpermanent

surfacedist_,rtionwhilebeingwiped. The Bee ChemicalformulationwithvacHum
\
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evaporated aluminum and silicon oxide overcoats can be wiped with acetone or toluol

without attack. The coating survived several hours submerged in acetone without visu:.l

degradation. Soft lint-free towels should be used however.

For the Bee formulation, the panels were heat cured in a specially built clean infra-red

oven at 160 _ to 180°F for 2 hours prior to subsequent vacuum metallizing. The other

two formulations require a longer period of about 4 to 6 hours for sufficient cure.

Before the panels are placed in the oven, they are left in the room to allow the layer

to become uniform. Dirt particles in the air were of concern until it was found that the

panels did not collect particles in another area of the clean facility which was not being

used by personnel. Since these areas belong to other groups during regular hours, it

was necessary to spray at night or on weekends. This caused some schedule delays

in itself.

3.2.6 Reflective Coating

The panels were vacuum metallized as listed in Table II prior to trimming. A silicon

oxide coating was used between the epoxy and evaporated aluminum to improve the

bond between the two. The outer layer of silicon oxide was provided as usual for

protection during handling or cleaning.

Since the panel.° for this concentrator were not trimmed before aluminizing, it was

necessary to coat three separate loads. This was due to the larger pieces being

coated. A specimen from one of the trimmed-off pieces was measured for total

directional and diffuse reflectivity over the wavelength range of 0.26 to 2.7 microns

as shown in Figure 10. The total directional reflectance is 0.85. _ previous phase

1 units this same value was 0.88 and 0.89; the latter is also shown in Figure 10.

There are two significant differences between the phase 1 and 2 units as follows:

1. Phase 1 specimen (R = . 89) had 2200 A silicon oxide and was on

unstretched 5052-0 stock with an epoxy undercoat.

0

_. Phase 2 specimen (R =. 85) had 1300 Asilicon oxide and was on stretched

3003-0 stock with an epoxy undercoat.

26
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TAB LE II

PERTINENT CONCENTRATOR FACTS

Weight

Shell and Joint Strips 5.58 lbs. *
Torus 5.28**

Brackets 0.32**

Adhesive and Cloth 0.45**

Total 11.62 lbs.

• Calculated; **Measured

0.59 lb./ft. 2 Intercepted Solar Flux

Materials

Shell; Aluminum Alloy 3003-D
Torus; Alum. A1. 1100-D

Brackets; Alum. A1. 6061-T6

Adhesive

Bondmaster M666 with Glass Fibre

Cloth Cured at Room Temperature

Surface Coating

Bee Chef"=.! Co. Epoxy . 0003 -. 0005" thick

Reflective Coating (Vacuum Evaporated)

3100 _ Silicon Oxide Over Epoxy
o

600 AoAluminum (99.99% Pure)
1300 ASilicon Oxide Outer Layer

Refiectivity

0.85 Total to Solar Flux

Focal Length

25.6 Inches as Measured in Optical Inspection Rig

\
27
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RS = .89 : • 85

Spec[men3A Fro,, PhaseI SpecimenFromPhaseII
Program, On 5052-0 AI. Program,On 3003-0 Ai.
2200 AngstromsSiC) Coating 1300 AngstromsSiO Coating100

U ' ; f [__ -.___ _ i.t_- _-- --_--_

° A r i
",_ 40 - =

i j -
20 l

--- J I i.......

0 1 I I
0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 3.0

Wavclength, Microns

(Light Beam Incidence Angle -
10° From Normal)

_8 Figure 10
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1
The phase 2 silicon oxide coat was reduced to 1300 Ato provide a peak at 0.5 micron

I
I. where the solar spectrum peaks. This was achieved but there were some unwanted dips

to either side of this value. The low reflectance in the ultraviolet range of 0.26 to 0.35
i
I micron indicates that the silicon oxide layer may not have been optimum as regards

oxidation proportions. A better silicon oxide layer would raise the reflectance values.

I especially at lower wavele,gths.

l
I 3.2.7 Assetnbly-Sbell

i The significant change in the assembly procedure for this phase was in the use of the
optical inspection rig upside down, Figure 11. Two advantages result 1) the glass

: ]- meter can be aligned and observed throughout the assembly and 2) optical inspection
l_

records may be mad_ at any point in the fabricatio,L

[
The silver was not removed from six small areas equalL spaced on about a 55 inch

[ diameter of the master surface. In all other areas the reflective coating on the sectors
provided inspection of the stretched stock. However, the light must pass twice through

the 0.6 inch thick master on its path to the grid and pattern. Except for the paraxial
ray, these rays do not enter the glass at normal incidence. Thus, there is a refractive

il effect which can be 6.8 minutes of arc at the outside diameter if the glass has a 1.5
index of refraction. Not untii the master is removed can absolute errors be measured.

i_ But, with the master in place a relative comparison bet_'een untrimmed stock, trimmed
sectors and various phases during assembly may be made.

[
Optical inspection accuracy was also improved by making full scale photographs of

i "_ the shadow and pattern. This was accomplished by tracing the grid pattern on a
|_

plexiglass sheet and placing photographic paper on 60_ sectors which were placed

i _ underneath the I,iex_glass, F'gure 11. Thus the pattern and _hadow photograph on
|_

• '; the paper. Figures 12athrough 12f are o,_e fotirth reductions (approximately) of the

!: full scale photographs for the [inal conce,),rator assembly, without glass rr_aster.

_' Inspection photographs were taken at the following points during fabrication:

- [ 29
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PROJECTEDGRID OPTICAL INSPECTION RIG WITH GLASS MASTER
AND ASSEMBLEDCONCENTRATOR IN PLACE

Figure 11
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1. Glass master with silvered convex surface. This provides evaluation

of the master surface. Also at this point, the dial indicator setup

used for inspecting the master on the stretch former was used. The

run-out readings were plus or minus. 004 inch and similar in cyclic

nature as in Figure 8.

2. All 13 of aluminized stretched half panels before trimming. This

evaluates the degree vf conformance to the master.

3. All 13 of aluminized trimmed sectors. This evaluates the trimmed

area only and the effect of trimming.

4. Best 8 sectors in place on tool, with radial Joint strips in place,

with vacuum bag on and with adhesive wet. This evaluates the bagged

conformance of the sectors to the master. :

5. Same as 4, but after cure. This evaluates the adhesive shrinkage effect i

on surface errors.

6. Same as 5, but w_,thout vacuum bag. This evaluates f_e unrestrained i

conformar-'_ ot the cured shell to the master.

7. Cured shell and torus assembly. This evaluates the effect of bonding
the torus to the shaH.

8. Same as 7 but without the glass master in place. This provides an

absolute measure of general surface errors.

The inspections at points 1 and 8 above were originally planned for the program. The

intermediate checks were performed for use on the Brayton collector study, NA_

3-2789 (Lewis) and charged to that cortract.

The glass master is supported at 6 points on the inspection-assembly rig and adjusted

to :hape with the screws at each location. Assembly was performe_ by standing on

6 wooden benches specially made for the rig.
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During the trimming of sectors and inspection on the rig it became apparent that the

radial edges showed a distortion such that the edges curved inward as shown in

Figure 13a. Some sectors were trimmed from the opposite side, but there was the

same distortion inward. Thus, the distortion appears due to ._ stress relief rather than

trimming distortion. In the phase 1 program, this distortion went undetected because

intermediate optical checks could not be performed. When distortion was measured on

the final assembly, the reason was given solely as an adhesive shrinkage effect. This

was logical based on similar experience with adhesive effects on the Sunflower program.

However, there can be distortion due to both. Because adhesive shrinkage was originally

considered to be the primary reason for Joint distortion, a survey of adhesives was made

in order to minimize the effect. Table HI lists the formilationR investigated. In general,
I
t an adhesive was chosen for low shrinkage and/or low modulus of elasticity. Of the

i formulations, the first five were chosen for final evaluation afte_ r._dtal joint specimens
L were prepared and inspected. Of these five, the lir_t _wo were chosen based on minimum

distortion and high bond strength.

I.

i Subsequent to the choice of adhesives with lc _stortion effects, the appar(nt stress
! relief condition waE observed and a modiflcat..n to _.hefabrication procedure was

required. The distortion was now _ttributed to adhesive- t ,des and/or the trimming

effect. To reduce the inward distortion (Figure 13a) a sh lp of tape was placed c,n the

tool (Figure 13b) and the sector joint was made directly over it. When the jeint is vacuum

bagged, the sector ed_,e is forced to deflect away from the master during cure. As the

vacuum bag is removed, the sector edge will partially return to its original shape.

Three tape thicknesses of. 0025, . 005 and. 006 inch were used, and the optimum thick-

ness appeared to be between. 0025 and. 005. This thickness could not be obta!ned and

the. 005 thickness was used. However, the final joints on the 60 inch unit were over-

compensated resulting in too much distortion in the opposite direct'on. Further work

, is required to optimize the Joint design.

At this time, the need for a flexible adhesive was questioned, although low shrinkage

is 3till considered desirs_le. Therefore, radial joints were prepared with the first

35
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Radial Edges

Figure 13a

A

Shape

Distortion
Curvlng Inward ::z

3/4 In¢l',es _ .j"
SectionA - A True Shape _.

3

_,o" ", Figure 13b

Lq

4

/ i _/_---- Joln_ Reinforcing Strip ).

SectorsWith Distorted i

,__ Radial Edges ._

Glass Cloth Reinforced -- ._
EpoxyAdhesive ' '_

Mylar Tape Strip .:.

_jr _' / • 125 Wlde x .1_5 Thick •Glass Master _-_ _\ \ _

Section B-B

Figure 13 _-
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TABLE In

ADHESIVES

No. Resh_ Hardener Type Manufacturer

Bondmaster M666-B Medium Pittsburgh Plate Glass1
M666-A Syrup

2 Cepox 402 402 Hardener Heavy Chem. Development
Syrdp

Eccobond Medium
3 Cat. 15LV Emerson andCumlng

45 LV Syrup

Eccobond Thixo-
4 Cat. 9 Emerson and Cuming

285 tropic

Thixo-
5 Epon 921-A 921-B Shell Chemical

tropic

6 .raldite 6010 Versamid 125 Light Ciba and
Syrup General Mills

7 ERL 2774 Versamid 125 Light Union Carbide and
Syrup. General Mills

8 ER L 2774 ZZ L-0822 Light Union Carbide
Syrup

9 EPON 919-A 919-B Heavy Shell Chemical
Syrup

10 Araldite 6010 Polyamide 825 Light CIBA
Syrup

Bondmaster Thixo- Pittsburgh: 11 M-. 17-B
M777-A tr_,pic PlateGlass

Bondmaster heavy Pittsburgh12 Cat.CH-9
M648-T Sylup Plate Glass

13 Eccobond Aluminum-B Heavy Emerson and Cuming.Muminum-A Paste

\.
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two adhesives in Table HI and Bondmaster M666 which is a more rigid epoxy and was

used in previous phase 1 units. The M666 joints appeared to have less distortion and

was therefore chosen for the final assembly. The conclusion is therefore that the

inherent distortion of the trimmed edge is the primary cpqse of distortion in the

assembly, and adhesive properties cause secondary effects.

The radial joints were bonded with. 004 inch thick glass fiber cloth reinforced adhesive.

The methods of applying the adhesive to the joint strips and the vacuum bag were the

same as in the phase 1 work.

3.2.8 Assembly-Torus

The torus assembly proceeded without difficulty. Bondmaster M666 was also used to

bond the torus halves together. A . 010 inch thick glass fiber reinforcing cloth was

used. To assure conformance of torus shape to shell shape, the outer torus half was

loaded with sand bags during cure. There was no measurable distortion of the glass

master due to the added weight. Also, the torus after cure conformed to the shell

shape.

3.2.9 Assembly-Concentrator

Bondmgster M666 with . 010 inch glass cloth wa_ used for the bond between the torus

and shell. Some weights were used to force the adhesive to fill any voids that might

exist. However, the weights were minimized, since this could locally distort the

toms, and result in a distortion upon release. Adhesive was minimized to avoid fillet-

ing and the possibility of mark-off. The degree of torus-to-shell bond mark-off was

slight when inspected.

The 3 mounting brackets were also bouded _o the torus with. 010 inch thick glass cloth

reinforced Bondmaster M666. Eight rivets per bracket (Figure 5) were also used for

attaeba_ent. The rivets were put in wMle the adhesive was still wet and therefore

provided restraintduring curing. They alsoinsure againsta possibletotalbracket

!_ separationshould _'_localseparationpropagate.

i 38
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Prior to removal of the glmss master for inspection _f absolute surface errors, the

concentrator was rigidly fastened to the inspection rig via adapters between the 3

mounting brackets and the poles (Figure 11). The master was then lowered, placed on

edge _,nd removed from the rig. Thus the concentrator remained in the same position

and was optically inspected while mounted upside down st the 3 mm,nting positions.

Thus a 1 g load was sustained during inspection.

Front and back views of the 60 inch concentrator are shown in Figures 14 and 15,

respectively.

3.3 Inspection
l-

i.

3.3.1 £_tical

i. The master was inspected by dial indicator and the projected grid optical method.

[ The dial indicator results (Figure 8) showed that circumferential surface errors did
not exceed 0.9 minute arc. As can be see_ from the run-out patterns for the 4 differ-

I ent circumferential measurements, the radial surface errors are not large. This is
also substantiated by the optical inspection photos, although absolute errors could not

t be meP_urcd because of the glass master refraction effect. No attempt was made to
I
i+

correct for the refraction because the composition of the glass master, and therefore

- the index of refraction, is not known. For a variation of 1.45 to 1.70 in refractive
index (range for glasses) the ray deviation at the outside edge would vary. from 6 to

I 12 minutes. This difference is greater than the errors to be measured. Measurement
of the errors -along a radial trace (parabolic curve) requires a more complex method

of inspection involving coordinate point and waviness measurements an,J was not attempted.

If the circumferential error data is cross plotted to obtain run-out versus radial position

for various angular stations, then a maximum error of 2.1 minutes is obtained. The

i'i maximum radial and circumferential errors are in the sara+,, region of the master.

Thus a maximum resultant error of 2.3 is _oncetvable. From this data it is apparent

that master errors are near 2 minutes maximum.
\
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The proiected grid inspection photographs o( the linal concentrator are shown in

Figare 12a - f (at approximately 1/4 scale). These were t_dcen with the master removed

and can therefore be used to establish error probability curves and to predict perform-

ance. The data was reduced separately by sectors and ,as a total eflect. There were

differences in the probability curves from one see'or to another as is shown in Figure

16 a _md 16b. Errors for the entire concentrator are shown in Figure 16c. These

errors are absolute. If the errors are measured as x ..-rody components over the

projected grid screen pattern, the curves in Figure 17 result Note the tendency for

fewer errors near zero in Figure 16 but a piedominance near zero in Figure 17. Since

the errors in Figure 16 are absolute this would be expected. Note "also that sector 6-7

has a considerably different curve than the others. Whep. the shell was being assembled,

it was noted thzt this sector was away from the master surface in some areas when finger-

tapped. It was not removed since it was expected to conform during mid even after

vacuum bagging and care. Thiu was not the case and the exact cause of error is not

known. It could be due to 1) too large a sector angle resulting in butting at the radial

jointr or 2) a distorted sector. The first case is more likely the reason. The errors

measured here are of the general surface contour and do not include such errors as are

caused by surface finish, small surface imperfections such as dents and radial joint

deviations within plus or minus 1/2 inch of the joint. However, the general shape is the

most important factor in determining the concentration ratio of a specific concentrator

deslgn.

The errors measured have been reduced by a factor of over 2 to 1 including sector

6-7 and by a factor of 4 to 1 excl,;ding it when compared with the phase 1 work.

Both the at)solute and x and y c,:,mponent error curves approximate closely a normal

distribution curve. However the curve of absolute values show zero probability at

zero surface error which can be shown mathematically by constructing a curve from

the x and y component data. The x and y component error curves can be used to

predict perform_mce by comparison with a mathematical analysis (Rcference 4)
I

which uses a normal distributioncurve model for radialand circumferentialcomponents.

To provide th,.'_os'..usefu]data for such an analysis,however, itwould be desirableto

have a gridm_clt,on a polar coordinatebasis.

i 42
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Inspection photographs taken at seversl steps during fabrication have revealed several

facts. Figure 18 shows the absolute errors measured on sector 5-6 before and after

trimming; and the glass master surface over which sector 5-6 was placed for inspection.

These errors contain a refraction error due to the incident light passing through the

glass master twice. However, relative comparisons can be made. The tool errors are

lower than for the sector as can be seen by comparing the one ¢ and maximum error

values. The one ¢ values vary by about 0.8-0.9 minute and the maximum values vary

by about 1.5 to 2.0 minutes. A comparison between the untrimmed and trimmed stock

shows only a small change in error distribution. The increase in the one • value after

trimming is probably d_e to the stress release distortion which occurs at the radial

edges. L_should be noted (Figure 18) however, that the measured curve (shaded for

clarity) does not match the calculated curve for the tool as well as do the other two

pairs. In comparison, the measured curves are more closely matched for the three _

cases than are the computed curves.

When the trin,_med sectors were placed side by side on the tnol and inspected, a dark

strip w_s noted where the edge errors should have occurred. Thls indicated the

surface distortion due to stress releaae after trimming. An approximate value for

the maximum slope due to this distortion is 15 minutes based on the width of the

shadow and ,listance between the grid and pattern. This error was reduced when

the mylar strips _,_re used during shell assembly (Section 3.2.7).

The grid was spaced 50 inches from the pattern and a 1 minute surface error would

displace the projected shadow by. 029 inch. The errors can then be read to the

nearest 1/2 minute, or at most, the nearest minute depending on the local surface

finish.

3.3.2 Weight
!

The weight breakdown for this unit is shown in TableII and totals 11.6 pounds or !

0.59 pounds/ft 2 of intercepted solar flux area.
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3.4 Predicted Performance

It is difficult to predict precisely- what the efficiency versus concentration ratio curve

would be with just the general surface slope errors. The surface graininess alone

will account for a measurable degradation effect, which is further added to by sector

6-7 and radial joint errors. A qualitative comparison between phase 1 and phase 2

concentrators is shown in Figure 19. The phase 1 unit has shown good efficiency values

for the 1000 to 3000 concentration ratio range. Based on the improved general surface,

the phase 2 unit is expected to appear as in curve 2.

Curve 2 will cross ever curve 1 because of the lower reflecti_ty value and greater

percentage of strain graininess on the phase 2 unit. However, the efficiency will fall

off much more slowly with increasing concentration ratio.

Curve 3 sl_ows the predicted performance with improved surface finish, joints and

reflectivity. Such a unit would have higher efficiency values in the 4000 to 10,000

concentration ratio range. The effect of sector 6-7 and the joint errors could be

eliminated in solar calorimeter testing by masking out those areas.
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CONCENTRATOREFFICIENCYVERSUSCONCENTRATIONRATIO

Curve 1, Phase1 Concentrator

Curve 2, Phase2 Concentrator

Curve 3, DesignGoal
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4.0 CONCLUSIONS AND RI_,,'"., ."_ATIONS

Based on the results o! _h" J_e._e?. :vui k J_lowing conclusicns and recommenda-

tions have been list_ _:

!. The gla_s l:.aster ,las surface slope errors of about 2 minutes maximum

and is sufficient for :.le quality of concentrators required by the design

specificatior,.

2. Aluminum alloy 3J03-0 has superior strain properties for the stretch

forming process, although surface graininess is more pronounced than

in the 5052-0 alumlo.um alloy.

3. The surface errors observed at the radial joints of the phase 1 units are

caused primarily by a stress relief due to trimming. Adhesive shrinkage

is a secondary factor in causing surface distortion at the joint.

4. A torus reinforcing member attached directly to the shell is the pleferred

configuration for the known environmental loads and thermal conditions.

5. Additional _mprovements in specific areas will further improve the con-

centrator performance. However, all improvement in general shape alone

was the major improvement factor required of the phase 1 design. The

improvement has been demonstrated in this phase 2 work wherein surface

errors of 8 minutes or less were measured.

6. A thicker surface improvement coating is required to mask the strain

graininess resulting fron, stretch forming. Several samples of a thicker

epoxy coat with a mirror-like finish were prepared during this phase.

However, the process control did not allow repeatability and a thinner

epoxy coating was used on the unit. Uniform application and repeatability

by the spray equipment was demonstrated using the thinner epoxy. Addi-

tional work is required in appl!cation of thicker coat°. :_

P
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7. A phase 3 program is recommended wherein the two major tasks would be

to:

a. Develop the application of a thicker surface improvement coating.

b. Develop a method of minimizing radial joint errors.

Following the successful performance of these two tasks _ phase 3 unit

would be fabricated and delivered for solar evaluation.
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SYMBOLS

c = Specific heal; BTU/lb-hr

D = Concentrator diameter, in.

d = Cavity aperture diameter, in.

E _ Modulus of elasticity: psi

g = Inertia load

h -- Shell thickness, in.

; M = Mass; Ibs.
|
f

(No)p = Circumferentialmembrane force;lb./in.
/-

I = Meridional membrane force; lb., m.(Neap

('d0)s = Circumferential membrane force; lb./in.

[• (Na)s_" = Meridlonal membrane force: lb./in.
I.

o.i = Heat rate in, BTU/hr

i qo = Heat r-ate out; BTU/hr
p = Pressure load; psi

[ " Pc;- = Critical pressure; psi
t_

R = Radius of curvature; inches

1" T = Temperature - °R
[

t = Time, minutes

i = Absorptivity of solar flux
a s

= Emissivity of thermal radiation at concentra2or temperature (300° to 6000R)*t

[ O = Orbit angle; degrees
/_ = Poisson's ratio

" # = Angle between normal to shell surface and axis of revolution
= Concentrator Efficiency_c
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